Background: Rat studies have demonstrated that exposure to environments associated with alcohol intake reinstates alcohol seeking after extinction of alcohol-reinforced responding in a different context. However, extinction is limited as an abstinence model, because humans typically abstain because of negative consequences associated with excessive drinking. It is currently unknown whether alcohol-associated contexts can provoke relapse to alcohol seeking after alcohol-taking behavior is suppressed by adverse consequences in a different context.
I n humans, places or contexts previously associated with alcohol use often provoke relapse during abstinence (1) (2) (3) (4) (5) . In rats, studies using the ABA renewal procedure (6, 7) have demonstrated that exposure to the alcohol self-administration context after extinction of the alcohol-reinforced responding in a different context reinstates alcohol seeking (8 -11) . In this procedure, rats are trained to self-administer alcohol in one context. Next, lever-responding is extinguished in a different (nonalcohol) context. Subsequently, context-induced reinstatement (renewal) of alcohol seeking is assessed by testing rats in the alcohol-associated context.
In the context-induced reinstatement procedure, alcohol abstinence is achieved by operant extinction training. During extinction, alcohol is unavailable and the previously alcohol-reinforced responding declines over time. In humans, however, alcohol is often available and abstinence is typically initiated because of the negative consequences associated with excessive drinking (12, 13) . Therefore, one limitation of the context-induced reinstatement procedure (14) and other extinction-reinstatement procedures (15) is the lack of homology between the animal model and the human condition (16 -20) . Our goal here was to develop an animal model of context-induced relapse after alcohol intake is suppressed by negative consequences.
One way to impose negative consequences on drug use in animal models is to introduce a punishment contingency during selfadministration training. In most rats, response-contingent shock punishment suppresses operant responding for both drug (21) (22) (23) (24) (25) and nondrug (26, 27) rewards. Response-contingent shock causes rapid suppression of morphine, amphetamine, and cocaine selfadministration (23, 28) . The magnitude of suppression of drug selfadministration is correlated with shock intensity (28, 29) , and nonpunished cocaine-reinforced responses are chosen over punished cocaine-reinforced responses (30, 31) .
It is well known that punishment of food-reinforced responding does not permanently suppress responding (26, 27) . Furthermore, studies using the Geller-Seifert procedure indicate that punishment-induced response suppression during food-reinforced sessions is under discriminative stimulus control (27, 32) . However, there are surprisingly few studies on recovery of drug or alcohol seeking after punishment-induced abstinence. In an early study, Smith and Davis (23) found that morphine priming injections do not provoke "relapse" to morphine seeking after severe punishment (high intensity shock). However, more recently, Panlilio et al. (22) reported that priming injections of remifentanil (an opiate) after punishment-induced abstinence led to resumption of remifentanil self-administration (relapse). Subsequently, Panlilio et al. (33) reported that priming injections of lorazepam (a benzodiazepine) or heroin provoke relapse to remifentanil seeking, as assessed in extinction tests, after punishment-induced abstinence. This finding demonstrates that punished drug seeking can be recovered in the absence of drug-reinforced responding during "relapse" testing.
In previous studies relapse to drug seeking after punishment was assessed after drug priming injections. Here we assessed whether alcohol-associated contexts can provoke relapse to alcohol seeking after alcohol seeking is punished in a different context. For this purpose, we adapted the renewal procedure (6, 7, 34) and suppressed alcohol seeking by punishment in a different context. We then assessed relapse to alcohol seeking in extinction tests in both the punishment and the original alcohol self-administration contexts. We used the selectively bred alcohol-preferring P rats, because these rats are a useful model for voluntary self-administration of alcohol (35) . Finally, for comparison purposes, we also exam-ined context-induced reinstatement of alcohol seeking after extinction, with the established ABA renewal procedure (14, 34) .
Methods and Materials

Subjects
Male alcohol-preferring P rats (approximately 30 days old, total n ϭ 44) were obtained from Indiana University Medical Center. Rats were quarantined for approximately 3 weeks. The rats were housed singly under a reversed 12-hour light/dark cycle (8:00 AM light off). The experimental procedures followed the Guide for the Care and Use of Laboratory Animals (eighth edition) and were approved by the Animal Care and Use Committee.
Apparatus
See Supplement 1.
Procedure
In Experiment (Exp.) 1, three groups were distinguished by the manipulation during the context B training phase. These groups either received footshock that was contingent on lever-presses (Punished, n ϭ 15), footshock that was not contingent on leverpresses (Noncontingent, n ϭ 8), or no shock (Unpunished, n ϭ 11). Exp. 1 timeline is provided in Figure 1A . In Exp. 2, one group (Extinction, n ϭ 8) was used to demonstrate context-induced reinstatement of alcohol seeking after extinction of lever-presses in a different context.
Phase 1: Intermittent Home-Cage Access
We used the intermittent access 20% alcohol procedure (36, 37) . Upon arrival to the animal facility from quarantine, rats were handled for 2 days. All rats received 12 ϫ 24-hour sessions of access to 1 bottle of 20% ethanol v/v in water and 1 bottle of water. Food was freely available. The session started approximately 9:00 AM. After 24 hours, the alcohol bottle was replaced with a second water bottle, and the no-alcohol session also lasted for 24 hours. The following day, the second water bottle was replaced with a 20% ethanol bottle, and the location of the alcohol bottle was alternated from the previous session. The majority of no-alcohol sessions were 24 hours; however, some no-alcohol sessions were 48 hours. The volume consumed in each session was calculated as the weight difference between the start and end of the sessions, minus 2 g for spillage, multiplied by .97 (density of 20% ethanol). Two rats with the lowest g/kg consumption were excluded.
Phase 2: Operant Self-Administration in Context A
This phase began 48 hours after the final home-cage access session. Sessions were 2 hours long and run every other day. The first 2 sessions were 2-hour "autoshaping" sessions during which .1 mL of alcohol was delivered noncontingently every 5 min. Alcohol delivery was accompanied by a 2-sec compound tone-light cue. Subsequently, the rats were trained for 3 sessions to self-administer .1-mL deliveries of alcohol on a fixed-ratio-1 (FR-1) 2-sec timeout reinforcement schedule. Lever-presses on one lever (an active, retractable lever) resulted in presentation of the 2-sec tone-light cue and activated the infusion pump for 2 sec. Lever-presses on the other lever (an inactive, stationary lever) were recorded but had no programmed consequences. Subsequently, rats were trained on an FR-5 2-sec timeout reinforcement schedule for four sessions. After this, rats were trained on a variable-interval 30-sec (VI-30) reinforcement schedule for four sessions. During these sessions, alcohol delivery was available after an active lever press at random intervals (range: 1-59 sec) after the preceding alcohol delivery. The variable interval began immediately after an alcohol-reinforced response.
Responses during the timeout interval had no consequences.
Phase 3: Punishment (Exp. 1) or Extinction (Exp. 2) in Context B Exp. 1. During this phase, the rats continued alcohol self-administration every other day (2-hour sessions) under the VI-30 reinforcement schedule. For group Punished, 50% of the reinforced lever-presses, which occurred after the VI-30 response requirement was met, delivered a .5-sec .45-mA footshock through the grid floor. Responses during the timeout interval were recorded but had no consequences. During the punished responses, the tone-light cue was presented and .1 mL of 20% alcohol was delivered. There was a minimum of three punishment sessions; subsequently, rats in group Punished that made more than 20 responses/session were given additional sessions with increasing shock intensity until this criterion was met. The final shock intensity was 1.09 mA on the seventh session. For rats in group Noncontingent Shock, 10 .5-sec .45-mA footshocks were delivered randomly throughout the 2-hour sessions; we chose to deliver 10 footshocks, because this was the approximate mean number of shocks/session given to the rats in group Punished during the first three sessions. For rats in group Unpunished, conditions were identical to the previous sessions in context A. Rats in groups Unpunished and Noncontingent were given three to seven sessions in context B, to match their context B exposure to group Punished. The number for each context B session for each group was: "Punished": session 1-3 ϭ 15, session 4 ϭ 9, session 5 ϭ 7, session 6 ϭ 7, and session 7 ϭ 3; "Unpunished": sessions 1-3 ϭ 11, session 4 ϭ 6, session 5 ϭ 4, session 6 ϭ 3, and session 7 ϭ 2; "Noncontingent": sessions 1-3 ϭ 8, session 4 ϭ 5, session 5 ϭ 5, session 6 ϭ 2, and session 7 ϭ 2.
Exp. 2. Rats were placed into context B, and each response that met the VI-30 reinforcement schedule resulted in the presentation of the tone-light cue but no alcohol. There were 13 (2-hour) extinction sessions; the first 10 sessions were every other day, and the final 3 extinction sessions were given daily to minimize the influence of spontaneous recovery-the recovery of extinguished conditioned responses after the passage of time (34)-on lever-presses.
Phase 4: Relapse Tests
All rats were tested for alcohol seeking (operationally defined as active lever responding under extinction conditions) with no footshock punishment, in both context A and context B in 30-min extinction sessions. In Exp. 1, the test order in each context was counterbalanced between and within groups. The first test was 48 hours after the final context B training session of each rat, and tests were separated by 48 hours. In Exp. 2, the rats were tested 24 hours after the last extinction session, and the tests were 24 hours apart. The order of testing in contexts A and B was counterbalanced.
Statistical Analysis
Data were analyzed separately for the four phases: home-cage access, context A training, context B punishment or extinction, and relapse tests. For the home-cage access phase, the dependent measures were 20% alcohol preference and grams/kilogram alcohol intake. For the training and punishment phases, the dependent measures were total active lever-presses and grams/kilogram alcohol intake. For the relapse test, the dependent measures were total (nonreinforced) responses on the previously active lever and inactive lever responses. Group differences in these measures were analyzed by analyses of variance and Tukey post hoc tests. The groups were matched for their home-cage alcohol intake context A lever-presses during training. Inactive lever-presses were very low (mean of Ͻfour presses session) (Table S1 in Supplement 1); thus, these data were only used as covariates in the analyses.
Results
Home-Cage Alcohol Intake and Initial Operant Training in Context A (Exp. 1-2) Figure 1B shows alcohol intake (g/kg) and preference during the home-cage access phase (see Figure S1 in Supplement 1 for data from each group in Exp. 1). Mean alcohol intake during this phase was 12.8 Ϯ .2 g/kg/24 hours. The rats increased their alcohol intake and preference over time. The analyses showed significant effects of Session for alcohol intake (g/kg) and preference [F (1,41) ϭ 41.5 and 42.6, p Ͻ .01].
All rats acquired alcohol self-administration in context A ( Figure  1C Figure 2A shows the mean (Ϯ SEM) number of active leverpresses in the final self-administration session and the context B training sessions. The Punished group but not the Noncontingent Shock or Unpunished (no shock) groups decreased their active lever-presses over time. All rats were given at least three sessions in context B. After the third session, rats in group Punished that responded above the suppression criteria (Ͻ20 responses/2 hours) were given additional sessions with footshock intensity increased by .15 mA/session for up to seven sessions. Some rats from groups Unpunished and Noncontingent were also given additional sessions in context B. Analysis of covariance of active lever-presses during the first 3 punishment days (with the final self-administration day as a covariate) showed a main effect of Group [F (2,30) ϭ 9.0; p Ͻ .05] but no Group ϫ Day interaction (p Ͼ .05). During context B training, no alcohol remained in the receptacles of the Punished rats, indicating that alcohol earned during these sessions was consumed. Figure 2B shows the mean (Ϯ SEM) number of lever-presses on the previously active lever during the relapse test in context B (left panel) and context A (right panel). In the Punished group, nonreinforced active lever responding was higher in context A than in context B and similar to that of the Noncontingent Shock and Unpunished Groups. Lever-presses in the latter two groups was similar in contexts A and B. Analysis of covariance of total active lever-presses showed a Group ϫ Context interaction [F (2,29) ϭ 7.0; p Ͻ .05]. Post hoc group differences are shown in Figure 2 . Figure 2C shows the lever-presses during testing for each individual rat in group Punished. There were no significant correlations between the number of context B punishment sessions and leverpresses during testing in either context A (r ϭ .105; p Ͼ .05) or context B (r ϭ .284; p Ͼ .05). Figure 3A shows the mean (Ϯ SEM) active lever-presses in the final self-administration session and the context B extinction sessions. The rats decreased their active lever-presses over time, as indicated by a main effect of Extinction Session [F (12,84) ϭ 12.1, p Ͻ .01]. Figure 3B shows the mean (Ϯ SEM) number of leverpresses on the previously active lever during the reinstatement tests in contexts A and B. The rats reinstated lever-presses in context A after extinction in context B, as indicated by a main effect of Context [F (1,7) ϭ 18.6; p Ͻ .05].
Exp. 1: Relapse to Alcohol Seeking After Punishment
Exp. 2: Context-Induced Reinstatement of Alcohol Seeking After Extinction
Discussion
We found that exposure to the original alcohol self-administration environment (context A) after punishment-induced suppression of alcohol seeking in a different environment (context B) provoked relapse to alcohol seeking in alcohol-preferring P rats. Nonreinforced lever-presses in context A (the operational measure of alcohol seeking) of the previously punished rats was similar in magnitude to that of nonpunished rats or rats that received noncontingent shock in context B, which had no effect on alcohol self-administration. Additionally, although comparison across procedures should be done with caution, context-induced relapse to alcohol seeking after punishment seems as robust as context-induced reinstatement after extinction in the traditional ABA renewal procedure (14) . We propose that our procedure can be used to study mechanisms of relapse to alcohol seeking under conditions that more closely mimic the human condition. 
Context-Induced Relapse to Alcohol Seeking After Punishment
Our aim was to develop a procedure in which relapse occurs after active alcohol-taking behavior is suppressed by adverse consequences. We have developed this alternative procedure because in current animal models of relapse abstinence is achieved by extinction training and/or by imposing a forced abstinence period (15,38 -40) . These relapse models, however, do not fully capture the human condition where abstinence is often initiated because of a desire to avoid the negative consequences associated with excessive use (12, 13, 19, 20) . This lack of homology between the animal models and the human condition has been identified as a potential limitation of current relapse models (17, 19, 20) .
One issue to consider with regard to the validity of our procedure is that response-contingent punishment is also somewhat limited, because time-locked contingent punishment of alcohol use is likely not a common reason for abstinence in alcoholics. Furthermore, we do not propose that human abstinence, imposed by punishment or negative consequences of alcohol use, exclusively occurs within a specific physical context. Although we have used a physical environment to signal punishment or adverse consequences of alcohol seeking, contextual control over the expression of learned behavior is not limited to physical environments. For example, internal states, induced by drug effects, mood, or other factors can lead to state-dependent learning. Consequently, memory retrieval and expression of learned behaviors can become dependent on those internal states (41) (42) (43) . Furthermore, passage of time can also act as a "temporal context," with learned behaviors re-emerging after an extended time period (44) . More importantly, we have shown that punishment-induced suppression of alcohol seeking can be encoded as a context-specific memory, with alcohol seeking recovered by exposure to the original training context. At the very least, we argue that our procedure more closely mimics factors leading to human abstinence before relapse or, more formally, it has adequate face validity-the degree to which the animal model seems to reflect the human condition it has been designed to model (45) (46) (47) . However, as argued elsewhere, face validity alone is not a sufficient criterion for a valid animal model (48) . Thus, a future research question is the predictive validity of our procedure, which can be determined by assessing the effect of the US Food and Drug Administration-approved alcoholism medication naltrexone (49) on context-induced relapse after punishment.
What psychological mechanisms mediate relapse after punishment in an alternative context? Our results demonstrate that response-contingent punishment does not permanently erase or prevent the expression of the previously established action (lever response)-outcome (alcohol delivery) associations. Indeed, it has been known for some time that punishment training does not permanently reduce the strength of the action-outcome associations after the termination of the punishment contingencies (26) . Punishment might share similar features to other procedures that lead to suppression of instrumental responding, such as extinction training. Several lines of evidence suggest that extinction training causes the formation of new associations that inhibit or "mask" the original associations (44, 46, 50) . Furthermore, other procedures used to suppress learned responses, such as differential-reinforcement-of-other-behavior and noncontingent reward delivery, are also context-dependent (51, 52) . Thus, a common feature of different response suppression procedures is that they do not erase the original learned associations, and the context-dependent suppression is thought to be mediated by new inhibitory associations (53) . It is tempting to speculate that punishment training, like extinction training, causes the formation of new inhibitory associations that serve to suppress alcohol seeking in the punishment context. One potential test of this hypothesis is the demonstration of "relapse" in context B after training and punishment in context A (an AAB condition). The outcome of such experiment is difficult to predict, however, because although AAB renewal is commonly observed in Pavlovian conditioning (53) , evidence for such renewal of extinguished instrumental responding is weak (7, 54, 55) . Finally, an alternative potential learning mechanism is that contexts A and B act as "occasion setters" (14, 56) and serve as retrieval cues that signal whether or not alcohol-reinforced responding will be punished.
Finally, we believe that it is unlikely that motivational effects of alcohol dependence (withdrawal relief) (57,58) played a role in context-induced relapse after punishment under our experimental procedure. This is because alcohol intake of our rats (1-2 g/kg every other day) during training is not sufficient to induce alcohol dependence and, consequently, to allow rats to associate alcohol selfadministration with withdrawal relief, as demonstrated in studies using alcohol vapor chambers (59) . Future studies, combining the vapor chamber procedure with our punishment-relapse procedure, are needed to determine the impact of alcohol dependence on both suppression of alcohol self-administration by punishment in context B and relapse in context A.
Punishment-Based Models of Addiction
To our knowledge, our study is the first to demonstrate contextinduced relapse to alcohol seeking after punishment-induced abstinence. As mentioned in the preceding text, Panlilio et al., (22, 33) reported drug-priming-induced relapse to opiate seeking after punishment of the opiate-reinforced response. Additionally, with a conflict procedure (60, 61) in which the rats had to cross a shock barrier to gain access to the cocaine-reinforced lever, Cooper et al. (17) reported cue-induced relapse to drug seeking when rats were exposed to a discrete cue previously paired with cocaine infusions after suppression of drug seeking by shock exposure.
Recent studies have identified an "addiction" phenotype in rats, operationally defined as resistance to punishment after extended cocaine self-administration training (21, 24, 25) . We also observed individual differences in sensitivity to footshock punishment. Although this suggests that a subset of the punished rats has an "addicted" phenotype, we found that increased shock intensity suppressed alcohol self-administration in all rats. The lack of correlation between number of punishment sessions and test responding in both contexts ( Figure 2C ) suggests that individual differences in shock-induced suppression of alcohol seeking do not predict relapse in our procedure.
Our procedure is conceptually similar to addiction models that involve punishment or the introduction of an aversive consequence associated with drug intake. The primary focus of previous alcohol models has been to assess whether alcohol consumption itself is resistant to taste adulteration as an experimental procedure to study "compulsive" alcohol use. Extended access to alcohol in the home-cage results in alcohol intake that is insensitive to adulteration with quinine (62) (63) (64) (65) . Other investigators have proposed that continuation of drug self-administration in the presence of response-contingent shock punishment can serve as an experimental procedure to study of compulsive drug use (21, 24, 25) . These studies show that extended cocaine self-administration results in "compulsive" cocaine use in a sub-group (approximately 20%) of the rats. We found that a larger proportion of rats (approximately 50%) continued alcohol self-administration during punishment in the first three sessions with a mild shock intensity (Figure 2A) . We are hesitant to describe this as "compulsive" alcohol self-administration, because of variable shock intensities across our operant chambers. However, we did find that different rats displayed different thresholds of shock intensity to suppress alcohol self-administration below our suppression criterion. As such, in future studies, it will be of interest to determine whether a sub-group of alcoholpreferring P rats would demonstrate resistance to punishment under more controlled experimental conditions and could be labeled as "compulsive."
Finally, one advantage of the context-induced relapse after punishment procedure is that the majority of rats are sensitive to the experimental manipulation ( Figure 2C ). As previously mentioned, "compulsive" cocaine self-administration is typically observed in only a small sub-group of punishment-resistant rats (approximately 20%) (21, 24, 25) . In the conflict procedure (17, 66) , presentation of the cocaine-associated discrete cue causes highly variable relapse responding in approximately 50% of the rats and no relapse-like responding in other rats. Therefore, these procedures are more suitable to study individual differences in drug-taking behavior. By contrast, our procedure enables more straightforward studies on neuropharmacological mechanisms of relapse after punishmentinduced abstinence, because most rats demonstrate reliable relapse behavior during testing.
Conclusions and Future Directions
In humans, short-or long-term abstinence often occurs because the negative consequences associated with excessive alcohol use outweigh the drug rewarding effects, and during abstinence, relapse often occurs after exposure to alcohol-associated contexts. We describe a rat model of context-induced relapse after punishment that mimics, to some degree, this clinical scenario. An attractive feature of our procedure is the reliability of the relapse responding across subjects, which seems as robust as the relapse/reinstatement response in the established context-induced reinstatement after extinction procedure.
Finally, like with any new relapse procedure, there are many outstanding questions that warrant further investigation, some of which we list in the following text. One question that has implications for medication development is whether similar or different neuropharmacological mechanisms mediate context-induced relapse after punishment versus context-induced reinstatement after extinction. Another question is the extent to which our findings generalize to other drugs and other manipulations that cause reinstatement of extinguished drug and alcohol seeking. On the basis of previous research with different drugs on context-induced reinstatement after extinction (8, 14) , it is likely that context-induced relapse after punishment would occur with other abused drugs. It is also likely that context-induced relapse after punishment would generalize to food rewards. This is because phenomena observed in drug relapse models such as priming-induced, cue-induced, and stress-induced reinstatement (15) as well as incubation of craving (67) and deprivation effects (40, 68) are also observed with food rewards (69 -72) . Additionally, although we have used a physical context to signal punishment, our procedure can also likely be adapted for the use of discriminative stimuli (73, 74) to signal punishment or nonpunishment. Finally, it will be interesting to determine whether punished alcohol seeking recovers after the passage of time (spontaneous recovery) or by alcohol priming (40, 46 
